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ABSTRACT 
A system of energy dispersive X-ray fluorescence 
spectrometric method has been developed to measure the concentration of 
iron, copper and zinc in human plasma of healthy adults. The method utilizes 
2M HCl and 10% TCA plus heating at SQOC for 20 minutes in the 
deproteination step. This procedure liberates the metal ions and precipitates 
the proteins which facilitates removal by centrifugation. The deproteinated 
samples are then preconcentrated by precipitating the metal ions as their 
diethyldithiocarbamate chelates. The precipitate is then collected by vacuum 
filtration on a Millipore membrane filter and subsequently subjected to X-ray 
fluorescence analysis. The preconcentration step produces a thin, 
homogeneous specimen with negligible matrix interference in the 
measurement. Effective precipitation of the metal ions is found to occur at a 
wide pH range so the time-consuming pH adjustment is unnecessary. Besides, 
high concentration of alkali and alkaline metal ions present in the matrix do 
not interfere with the precipitation of the metal chelates. Iron, copper and zinc 
are determined by means of their Ka X-ray lines. The detection limits are 
0.06 ppm for iron, 0.01 ppm for copper and 0.01 ppm for zinc. The relative 
standard deviation is less than 3%, indicating a high reproducibility of the 
proposed method. The method is first applied to the commercial control-
serum preparation known as Seronorm, and the results obtained are in good 
agreement with quoted values. The method is then applied to determine the 
concentration of iron, copper, and zinc in a random sampling of 10 
individuals. Comparison with the results of atomic absorption spectrometry 
on the same samples indicates a high accuracy and reliability of the proposed 
method. The proposed method is rapid, economical, multielemental, and the 
ii 
possibility of automating the measurements make it suitable for trace element 




1.1 General Introduction 
Iron, copper, and zinc belong to the group of essential trace elements. 
The term, trace element was applied to the many mineral elements which 
occurred in living tissues in such small amounts that early workers were 
unable to measure their precise concentrations with the analytical methods 
then available. This designation has remained in popular usage despite the fact 
that virtually all the trace elements in biological materials can now be 
estimated with great accuracy and precision. 
Underwood^ divides the trace elements into three groups: a) those 
essential for life, b) the possibly essential, and c) the nonessential. An element 
to be considered essential according to Cotzias^ must meet the following 
criteria: the element is present in all healthy tissues of all living things; its 
concentrations from one animal to the next is fairly constant; and withdrawal 
produces similar structural and physiological abnormalities in different 
species, which are prevented or reversed by the addition of the element. 
Trace elements which are generally accepted as essential for man are: 
iron, copper, zinc, manganese, cobalt, chromium, molybdenum, nickel, iodine, 
selenium, fluorine and vanadium. Other elements which may ultimately gain 
this distinction are arsenic, barium, boron, bromine and strontium.3-4 
1 
1.2 Clinical Significance of Fe, Cu and Zn 
Plasma iron is bound to a protein called transferrin which has a 
molecular weight of approximately 76，500.5 One molecule of transferrin 
binds, stoichiometrically, two atoms of ferric iron.6 The normal plasma iron 
concentration is 60-150 jag/100 ml, all of which is bound to transferring 
Alteration in the level of serum iron has been observed in a number of 
conditions (see Table 1.1). 
Table 1.1 Serum iron level in various diseases^ 
Disease Serum iron 
Iron deficiency anemia Decrease 
(dietary, malabsorption, chronic 
haemorrhage, late pregnancy) 
Anemia of chronic infections Decrease 
Anemia of neoplastic disease Decrease 
— Chronic liver disease Decrease 
——— Polycythemia Decrease 
Nephrosis Decrease 
Haemolytic anemia Increase 




Hodgkin's disease (terminal) Increase 
2 
I 
In general, it can be stated that an increase in serum iron may be due 
to increased red cell destruction as in haemolytic anemia; decreased utilization 
of iron as in lead poisoning; increased release of iron from body stores as in 
necrotic hepatitis; defective iron storage process as in pernicious anemia; and 
increased rate of absorption as in haemochromatosis and haemosiderosis. 
Decreases in serum iron levels are generally due to a deficiency in the total 
amount of iron present in the body, which, in turn, may be caused by 
insufficient intake or absorption of iron; increased loss of iron as in chronic 
blood loss or nephrosis; increased demand on body stores during pregnancy 
or decreased release of iron from body stores as in infections or with 
turpentine abscesses. 
The plasma concentration of copper is 80-160 jig/100 ml. Of this 
copper, 90-95% is in the ceruloplasmin and the rest is adsorbed to albumin.^" 
⑴ Actually six copper atoms are held as part of the ceruloplasmin molecule 
and variable amounts of copper (0.5-1 atom per molecule) can be adsorbed 
readily and are held loosely. U The most significant clinical application of 
copper determinations is in the diagnosis of Wilson's disease. This disease is 
associated with a decrease in the synthesis of ceruloplasmin, which results in a —— 
low serum copper level. Low serum copper levels have also been observed in 
a number of hypoproteinemias as a result of malnutrition, malabsorption, and 
the nephrotic syndrome.^ Increased serum copper levels are found in 
malignant diseases, haemochromatosis, biliary cirrhosis, thyrotoxicosis, 
autoimmune diseases such as rheumatoid arthritis, copper intoxication, liver 
diseases, psychiatric diseases such as schizophrenia, myocardial infarct, 
trauma, ataxia telangiectasia and various infections.7-8 
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Vallee and Gilbson，12 using a dithizone method, reported a normal 
level of 102-140 jig/100 ml for zinc in plasma. 30-40% of the plasma zinc is 
firmly bound to an a2-rnacro-globulin, and 60-70% is loosely bound to the 
albumin. 13 Profound changes occur in the levels of zinc in the blood plasma 
in various disease states. Subnormal plasma zinc levels have been reported in 
patients with malignant tumors, atherosclerosis, postalcoholic cirrhosis of the 
liver and other liver diseases, tuberculosis and leprosy, untreated pernicious 
anemia, chronic and acute infections, and after acute tissue injury, regardless 
of origin. A rapid and sustained depression in serum zinc has also been 
observed after the administration of large doses of corticosteroids to patients 
with bum and surgical stress presenting a low cardiac output syndrome. 1 
4 
1.3 Alternative Methods of Analysis 
spectrophotometry, atomic absorption spectrophotometry and X-ray 
fluorescence spectrometry are common techniques used for the routine 
analysis of clinically important metals in plasma/serum. Other techniques are 
available for research purposes, but many are too expensive for routine 
laboratory analysis and do not have the precision necessary for clinical 
purposes. 14-15 
In the spectrophotometric techniques, the more accurate are those 
involving deproteination. They have in common three basic steps: 
plasma/serum is acidified to dissociate the metal-protein complexes, plasma 
proteins are then precipitated with trichloroacetic acid or heating and 
removed by centrifugation, and finally a sensitive chromogen is added to the 
supernatant to determine the metal concentration colorimetrically. 
Bathophenanthroline or its water soluble sulfonated form, TPTZ (2,3,6-
tripyridy 1-1,3,5-triazine) and ferrozine are the most extensively used iron 
chromogen. A more direct approach to the measurement of plasma iron 
—— - concentration was first introduced by Schade and c o - w o r k e r s . 17-18 ^ acid 
buffer and reducing agent are first added in order to release iron from 
transferrin. A ferrous chromogen is then added directly without protein 
precipitation. However, there is a serious disadvantage in direct 
measurements because the background optical density of the plasma is too 
high as compared to the colour developed with the iron chromogen. This is 
due to the presence of substances such as bilirubin, haemoglobin and plasma 
lipids, they should be removed by deproteination. In the determination of 
plasma copper concentration, diethyldithiocarbamate, Cuprizone, 
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oxalyldihydrazide and 1,5-diphenylcarbohydrazide have been used as 
chromogen to complex copper in the protein-free filtrate. 19-22 Dithizone is 
the most common chromogen used for the determination of zinc in plasma 
samples after dry ashing. 12 
Atomic absorption spectrophotometry has been used extensively in 
metal determination of biological material. A particular advantage of this 
method is that interference by other elements is greatly reduced, even when 
present in relatively large amounts. Therefore, complete destruction of 
organic matter is not essential. Iron has been determined by atomic absorption 
spectrophotometry either directly on diluted serum 23-24 after chelation of 
the iron with bathophenanthroline and extraction of the complex into methyl 
isobutyl ketone.25 However, due to the presence of haemoglobin iron in 
serum, the direct method would result in erratic high value. Therefore, the use 
of deproteinated serum is recommended for a more accurate determination.26 
In the determination of copper and zinc, either diluted plasnia24’27 or 
deproteinated plasma has been used28 and both methods give satisfactory 
precision and recovery. 
With the increased knowledge that many of the trace elements interact 
in biological systems, the need for multi-element analysis has become 
apparent. For example, patients suffering from inflammatory pactions of 
rheumatoid arthritis and infection have shown elevated levels of serum copper 
with a concomitant decrease in serum iron, zinc and manganese;29 an 
increased ratio of copper to zinc is observed in osteogenic sarcoma,30 and a 
decreased ratio associated with the risk of coronary heart disease.^ ^ X-ray 
fluorescence spectrometry offers a feasible answer to this requirement, as it 
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permits the simultaneous detection of several trace elements, thus allowing 
correlation studies between the plasma levels of the different elements and the 
diagnosis or treatment of various diseases. Much work has been done on 
multi-element analysis of human blood by X-ray fluorescence as given in 
Table 1.2. 
The XRF studies given in Table 1.2 show that direct determination of 
trace elements in human blood by transferring an aliquot to a thin support is 
only feasible with the use of high power X-ray tube. In the present 
investigation, a low power X-ray tube with a maximum tube current of 
0.35 mA is used, therefore a preconcentration step is necessary in order to 
bring the trace elements to detectable levels. Ashing and freeze drying are 
common in sample preparation methods for trace elements determination in 
blood. However, ashing is time-consuming as periods of hours are not 
uncommon, and palletizing with binding material after freeze drying would 
reduce the sensitivity of the method as the trace elements are diluted by the 
binding material and the binding material causes increased scattering, resulting 
in a high background. 
Other preconcentration techniques that have been used in X-ray 
spectrometry including ion-exchange reactions, chelation, adsorption and 
precipitation. In cases where the alkali ions are not of interest, chelating ion-
exchange resins such as Dowex A1 or Chelex-100 (BioRad Laboratories), 
with iminodiacetate functional groups can be used. It offers very high 
distribution ratios for transition metal ions, but not for alkali ions.38-39 in this 
technique the ion exchangers have to be homogenized and pelletized prior to 
analysis and the resulting thick specimens may have considerable matrix 
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Table 1.2 Recent XRF studies of trace elements in human blood 
Method Element determined^ Ref. 
Drying 10 ^il (50% dilution) serum Fe (0.05), Cu (0.04)，Zn (32) 
on suprasil (quartz) reflector with (0.04)，Br (0.02) 
yttrium (25 ppm) as internal 
standard 
Mo tube at 40 kV, 20 mA for 
2000 s; SiQLi) detector 
Drying 50 [i\ (50% dilution) serum Fe (0.1)，Cu (0.04)，Zn (33) 
on 4 jim polypropylene film with (0.03)，Br (0.01) 
internal standards: 
yttrium (2.25 |ig/ml) and vanadium 
(50 ^ig/ml) 
Mo tube with Mo filter at 40 kV, 
20 mA for 500 s; Si(Li) detector 
Drying 250 [xl serum on <4 \im CI (28)，K (3.9)，Ca (34) 
Mylar foil with internal standards: (4.2), Fe (0.46)， Cu 
yttrium (50 ppm) and Se (50 ppm) (0.20), Zn ( 0 . 1 S e 
W tube, Mo secondary target at (0.06), Br (0.07)，Rb 
40 kV, 40 mA for 3000 s; Si(Li) (0.07)，Sr (0.09)，Pb 
detector (0.30) 
Ashing 0.5 ml of serum and fixing Cr, Mn, Fe, Ni, Cu, Zn, (35) 
the ash on a polystyrene support Pb, Se, Br 
1 mg cm-2 thick 
W tube, Zn and Mo secondary 
targets; HP Ge detector 
Dried plasma was ground to fine Fe (2.4), Zn (1.3), Sr (36) 
powder and 250 mg (0.22) 
(corresponding to 80 mg cm-2) — — 
was placed on 6 fim Melinex foil 
Cd source (6 mCi) for 30 min; 
Si(Li) detector 
Freeze drying 1 ml of sample Cu (0.17)，Zn (0.16)，Br (37) 
(blood or plasma); pelletizing (0.08), Rb (0.15) 
50 mg into pellets of 13 mm 
diameter with yttrium as internal 
standard 
Au tube secondary target and filter 
at 40 kV, 50 mA; SiQLi) detector 
aThe numbers in brackets are the detection limits in jig/ml. 
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absorption effects. The use of ion-exchange resin-loaded filter would 
eliminate the matrix effect and the sample preparation can be accomplished by 
repeated f i l t ra t ionHowever , the resin-loaded filter has limited capacity and 
both the alkali and alkaline earth ions interfere with the method. A mixed 
mechanism of chelation and adsorption has also been used. Oxine and APDC 
(ammonium pyrrolidindithiocarbamate) chelation in combination with 
activated carbon adsorption have been repor ted .41 -42 Activated carbon is 
added to adsorb the metal chelates and the carbon is then filtered for X-ray 
fluorescence analysis. The method has some drawbacks. Firstly, calcium and 
magnesium can also be complexed, secondly, the complexed metals are 
diluted by the activated carbon and thus reducing sensitivity, and thirdly, the 
relatively low atomic number carbon matrix causes increased scattering, 
yielding decreased detectability as a result of the high background. 
The direct precipitation of trace metals with an organic chelating 
reagent and the subsequent filtration of the precipitates with a membrane filter 
provide good specimens for X-ray fluorescence analysis. The trace metals are 
isolated as insoluble metal chelates and formed a thin uniform deposit on the 
filter membrane. The matrix absorption and enhancement effects are 
negligible. The method is attractive in its simplicity, lack of practical 
problems, and the availability of reagents. Most popular, and undoubtedly 
also extremely attractive as reagents for precipitation, are the 
dithiocarbamates, in view of the low aqueous solubility of their metal 
chelates .43-45 this investigation sodium diethyldithiocarbamate is used for 
the precipitation of the trace metals in the preconcentration procedure. This 
9 
reagent is commercially available and inexpensive, highly soluble in water so 
that the chelating reagent can be prepared directly in water and it can complex 




1.4 Principles of Energy Dispersive X-ray Fluorescence 
Spectrometry 
Energy dispersive X-ray fluorescence spectrometry is a technique for 
rapid, simultaneous multi-element analysis. The essential features of an energy 
dispersive X-ray spectrometer are shown in Fig. 1.1. The instrument consists 
of three principal sections, which effect excitation, detection, and dispersion 
and readout, respectively. The most common means of excitation is the X-ray 
tube, although other means of excitation are feasible in energy dispersive 
spectrometry, including radioisotope and ion excitation. Basically an X-ray 
source is a highly evacuated tube in which is mounted a tungsten filament 
cathode and a massive anode. Metals such as tungsten, chromium, copper, 
molybdenum, rhodium, silver, iron, and cobalt are common target materials 
for the anode. Separate circuits are used to heat the filament and to accelerate 
the electrons to the target. The heater circuit provides the means for 
controlling the intensity of the emitted X-rays while the accelerating potential 
determines their energy. The primary X-ray beam may irradiate the specimen 
directly, or irradiate a secondary target consisting of an element having a 
strong spectral line at wavelength just shorter than the analyte absorption 
edge. This secondary radiation then excites the specimen. Both of these 
modes are shown in Fig. 1.1. 
When a beam of X-rays passes through matter it will be attenuated by 
two processes, scattering and absorption. In the majority of cases the greater 
of these two effects is absorption and its magnitude increases significantly 
with the average atomic number of the absorbing medium. The attenuation of 
a monoenergetic X-ray beam passing through a material of thickness x obeys 
11 
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Fig. 1.1 A schematic representation of an energy dispersive X-ray 
fluorescence spectrometer^^ 
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the Beer-Lambert law and is given by the following equation47: 
I = IqQ-^^ (1.1) 
where is the linear absorption coefficient of the material 
Iq is the original intensity 
I is the intensity of the transmitted beam 
The value of |i depends on the number of atoms tranversed by the 
beam and it decreases on going from the solid to the gas for a given material. 
It is observed that divided by density p is constant for a given material and 
independent of its physical and chemical state. The quantity \xJp is called the 
mass absorption coefficient, i^ m. The above relationship can be rewritten as: 
I = (1.2) 
The relationship between the mass absorption coefficient and X-ray 
wavelength is given in Fig. 1.2 for tungsten. The value of i^m increases 
rapidly with wavelength, which indicates that the probability of a photon 
ejecting an electron from an atom increases as its energy decreases, within 
certain limits. The limits are the sharp discontinuities called absorption edges 
that are observed in the absorption curve. The wavelengths of the 
discontinuities corresponding to the binding energies of the electrons in the 
various subshells. The total photoelectric absorption is made up of absorption 
in the various atomic levels. Thus, X-rays having wavelengths less than or 
equal to the corresponding absorption edge of an atom will displace an 
electron from the inner shell. When an outer shell electron fills the vacancy in 
13 
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Fig. 1.2 Absorption coefficient of tungsten as a function of wavelength 
and radiation energy. (Data taken from reference 47) 
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the inner K，L, or M shell, characteristic X-ray with an energy equal to the 
difference between the two energy levels will be emitted. For example, if the 
vacancy is created in the K shell and filled up by an electron from the L or M 
shell, a Ka or Kp X-ray will be released respectively. However, the X-ray 
photon may be absorbed within the atom itself on its way out and ionizes the 
atom in an outer shell, for example, a Ka photon can eject an L, M, or N 
electron; this phenomenon is called the Auger effect. Therefore, the intensity 
of a particular emission depends greatly on the probability that the X-ray 
photon will leave the atom without being absorbed within the atom itself. It 
may be estimated from the value of fluorescence yield which is defined as the 
ratio of the number of secondary photons that effectively leave the atom to 
the number of primary photons that have induced ionization in a given level. 
Fig. 1.3 shows the change in fluorescence yield with atomic number of the 
element. The value is found to increase with atomic number, this is because 
Auger effect is more pronounced for lighter elements. Furthermore, the 
fluorescence yield is much larger for the K series than the L series, which in 
turn is much larger than the M series. This is due to the fact that the Auger 
effect is less effective for the K series.47 
In the energy dispersive X-ray fluorescence system, the X-rays 
emitted from the excited sample strike a semiconductor silicon drifted lithium 
detector. This detector crystal is kept under vacuum and at liquid nitrogen 
temperature to reduce thermal noise. X-rays enter the detector through a thin 
beryllium window, ionizing the semiconductor to create electron-hole charge 
pairs which are collected by the applied bias voltage to form a pulse. This 
pulse is fed to a pre-amplifier which converts the charge pulse into a voltage 
pulse to be further amplified and shaped. In the pulse height analyser, the 
15 
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Fig. 1.3 Fluorescence yields as a function of atomic number. (Data 
taken from reference 48) 
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amplitude of the pulse is measured and converts into a discrete numerical 
value that is proportional to the amplitude of the pulse and hence to the 
energy of the incident X-ray. The voltage pulses are encoded into numerical 
values and sorted according to amplitude. For each pulse converted, one 
count is stored in an appropriate channel of data memory, each channel 
representing a narrow slice of the total energy spectrum. The energy spectrum 
is displayed as peaks on a scale of the number of X-ray counts measured 
versus X-ray energy in keV, either sequentially on an X-Y recorder or 
simultaneously on a cathode-ray tube display. 
The energy dispersive X-ray fluorescence spectra have distinct 
features. The characteristic X-ray lines emitted by the elements present in the 
sample are superimposed on a background. The origin of the background is 
due to scattering of the primary beam from the X-ray tube. The primary 
radiation contains both continuum and characteristic lines from the target 
material of the X-ray tube. Scattering effects will cause the primary beam to 
be scattered by the specimen both coherently and incoherently. Since no 
energy change is involved, the coherently scattered radiation retains the exact 
energy as that of the incident beam. In incoherent scattering, the scattered -
photon gives up a small part of its energy during the collision. It will result in 
a shift of the continuum toward lower energies and cause broadening of the 
characteristic lines again to the lower energy side of the coherently scattered 
lines. The intensity of the background is mainly dependent upon the scattering 
power of the sample, the lower the average atomic number, the more efficient 
the scattering, and therefore the higher the background. Furthermore, an 
argon peak may also be observed when the specimen is analysed in air. 
Compared with optical spectra, X-ray spectra are simple with few emission 
17 
lines for each element and independence of the chemical state of the elements 
as transitions arise from limited inner atomic shells. 
Elemental identification of peaks in the X-ray spectrum are readily 
performed. By calibrating the multichannel analyser in eV per channel, an 
operator is able to identify each peak in the spectrum, and by correlating 
energies and elements from standard tables, it is possible to identify those 
elements present in a given sample. 
Quantitative elemental concentrations can be determined from the 
intensities of the energy peaks. However, the observed X-ray emission 
intensities must be corrected for spectral line interference and matrix effects 
before accurate quantitation can be obtained. In energy dispersive X-ray 
spectrum，there is partial overlap of K a and Kp peaks of adjacent elements in 
some regions of the spectrum due to insufficient resolution and lack of a 
smooth background continuum. A line overlap correction^^ involving 
mathematical treatment must be applied. With measured library spectra for 
each element of interest, the least squares fitting method can be applied to 
the sample spectra for intensity correction. The method is based on the 
assumption that the sum of individual components at each point in the 
spectrum must equal that of composite sample. The smooth continuum can be 
stripped off by applying a simple digital filter operator to the spectra.49 
The linear relationship between the analyte-line intensity and 
concentration may be affected by absorption-enhancement effects cause by 
other elements present in the specimen. Absorption effect arise from the 
absorption of primary X-rays and secondary analyte-line emissions by the 
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matrix. Enhancement effect occurs when the radiation from other matrix 
elements excites the analyte in addition to the primary X-ray. The absorption-
enhancement effects can be corrected mathematically by using experimentally 
derived parameters and involving complex calculations. Alternatively, these 
effects can be minimised by use of thin film specimen for analysis with 
appropriate calibration method. 
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1.5 Research Plan 
Energy dispersive X-ray fluorescence spectrometry is a rapid, non-
destructive and powerful multielement technique for the routine analysis of a 
large number of elements. In the present investigation, this technique is used 
for the simultaneous determination of iron, copper and zinc in plasma 
samples. As a low power X-ray tube is used for excitation in this study, 
therefore the direct determination of trace elements in plasma is insufficient 
and a preconcentration procedure is required in the sample preparation prior 
to X-ray analysis. A suitable preconcentration method should produce a thin 
and homogeneous specimen to minimize the matrix interference. Moreover, 
the procedure should be simple, selective towards heavy metals and 
unaffected by the presence of high alkali and alkaline earth ions in the plasma. 
In the present work, the metals are first released from the proteins followed 
by precipitation of the proteins. The free metal ions are then precipitated by 
the addition of sodium diethyldithiocarbamate. Diethyldithiocarbamate reacts 
with metals which form insoluble sulphides to give insoluble precipitates of 
the type: 
h 
N C M 
/ \ / 
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n 
In this study, the experimental work is mainly divided into two parts: 
firstly, the optimisation of excitation conditions and sample preparation, 
secondly, the quantitative analysis of plasma samples. 
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In the optimisation of excitation conditions, the choice of filter, tube 
voltage, and tube current would be studied. The optimisation of sample 
preparation would include the deproteination and the preconcentration 
procedures. In the deproteination procedure, effects of different protein 
precipitants, concentration of protein precipitant, temperature and time of 
incubation would be studied. In the preconcentration procedure, effects of 
sample area, collimator size, pH of the complexing medium, ligand 
concentration, mixing time and standing time would be studied. Sample 
homogeneity would also be studied by repeated excitation of the same 
specimen at different orientations. 
In the quantitative analysis, calibration is based pn synthetic 
multielement standards. Seronorm Trace Elements Serum from Nycomed 
Pharma would be analysed to determine the accuracy and reproducibility of 
the proposed method. The recovery of the proposed method is compared with 
that of the atomic absorption spectrometry so to determine i f the proposed 
method is reliable for the analysis of trace elements in plasma. In the 
determination of iron by atomic absorption spectrometry, deproteinated 
sample as prepared in the X-ray fluorescence analysis was used to remove the 
contaminating haemoglobin iron. Whereas, diluted plasma was directly used 
for the determination of copper and zinc according to the AO AC (Association 





2.1 Energy Dispersive X-ray Fluorescence Analysis 
2.1.1 Apparatus 
(a) Energy dispersive X-ray fluorescence spectrometer 
All X-ray spectral data were recorded with a Tracor X-ray Spectrace 
5000, which is an automated energy dispersive X-ray fluorescence analyser 
used for non-destructive elemental analysis of solids and liquids. The two 
main parts of the system are the 5000 system unit and an IBM personal 
computer. The system unit includes a sample chamber subsystem, an X-ray 
excitation subsystem, and an X-ray detector subsystem. The sample chamber 
subsystem consists of an automated sample changer for ten samples and 
chamber lid assembly, the six position filter wheel which provides open hole, 
cellulose, aluminium, thick and thin Rh, and copper foils, and ports for the X-
ray tube and detector. 
The X-ray excitation subsystem includes the X-ray tube and the X-ray 
high voltage power supply. The X-ray tube is a low power Rh target tube 
with a 5 mil beryllium window, cooled by natural convection and conduction. 
The X-ray generator provides a voltage range from 0-50 kV in 1 kV 
increments and a current range from 0-0.35 mA in 0.01 mA increments. It has 
a high stability. Fluctuation is less than 0.5% in any 8 hour period. 
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The X-ray detector subsystem consists of a lithium drifted silicon 
detector, preamplifier, amplifier, analog-to-digital converter and pulse height 
analyser with 2,048 data channels. The lithium drifted silicon detector, cooled 
by liquid nitrogen has an active detection area of 30 mm^ with a 0.3 mil thick 
beryllium window. The resolution ( full width at half maximum height ) for 
Mn-Ka (5.9 keV) is 155 eV. 
The Spectrace 5000 utilizes an IBM personal computer for overall 
control of the system including direct control of the subsystems in the 5000 
system unit, data processing and information display. 
(b) Filtration equipment 
The filtration unit consists of a plastic filter holder centered with a 
round sintered glass support and a plastic reservoir which can screw onto the 
filter holder as shown in Fig. 2.1. The filter material used was the HA type 
25 mm diameter Millipore membrane filter of 0.45 |j.m pore size. 
(c) — Sample-support 
The sample collected on the Millipore membrane filter is mounted on 
a plastic sample holder by means of a 3.6 |im thick Mylar film which is fixed 
onto the sample holder with a plastic ring. 
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Fig. 2.1 Diagram of the filtration setup 
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2.1.2 Reagents 
Analytical-grade reagents were used for preparation of solutions. In 
all cases, solutions were prepared with high-purity deionized water with a 
resistivity of at least 14 megaohm cm"l at 25^C. The high-purity deionized 
water was obtained by passing distilled water through a Milli-Q50 ultra-pure 
water system ( Millipore ). 
(a) Metal standard solutions 
Stock solutions of 1000 ppm were prepared by dissolving 1 g each of 
the pure iron, copper and zinc metals in a minimum volume of nitric acid-
water (1+1) and diluted to 1 litre with 1% nitric acid. Intermediate 
multielement standard solution of 40 ppm was prepared by adding 4 ml each 
of the stock solutions to a volumetric flask and diluted to 100 ml with water. 
(b) Precipitating agent 
- The 2% solution of sodium diethyldithiocarbamate was prepared by 
dissolving 2 g of the reagent in 100 ml water and filtering through a 0.45 |im 
membrane filter. The solution was stored in a polyethylene bottle and kept in 
a refrigerator. 
(c) Buffer solutions 
The 0.5M ammonium acetate buffer solution of pH 5.5 was prepared 
by dissolving 38.54 g of ammonium acetate in 900 ml water and adjusting to a 
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pH of 5.5 with glacial acetic acid. The solution was diluted to a final volume 
of 1 litre. The buffer solution was purified by removing the heavy metals with 
the precipitating agent of the 2% sodium diethyldithiocarbamate solution 
followed by filtration. 
Buffer solutions of pH 3 to 10 were prepared by adjusting the 
solutions of 0.5M ammonium acetate with either ammonium or glacial acetic 
acid to the desired pH value. All buffer solutions were purified by the 
precipitating agent followed by filtration. 
(d) Protein precipitants 
Solutions of the 2M nitric acid, 20% trichloroacetic acid and the 10% 
trichloroacetic acid in 2M hydrochloric acid were used as protein precipitants. 
They were prepared as following: 
2M nitric acid: 
136.5 ml concentrated nitric acid was diluted to 1 litre with water 
— 20% trichloroacetic acid: 
-— - 2 0 g trichloroacetic acid ( purity > 99.5%, specially for the determination of 
Fe in blood ) was dissolved in 50 ml water and diluted to 100 ml with water. 
10% trichloroacetic acid in 2M hydrochloric acid: 
10 g trichloroacetic acid ( purity > 99.5%, specially for the determination of 
Fe in blood ) and 19.6 ml concentrated hydrochloric acid were added to 50 ml 
water and diluted to 100 ml with water. 
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(e) Bromo-cresol green indicator (Tetrabromo-m-cresol-sulphone-phthalein) 
The indicator is usually supplied in the acid form. It is rendered water 
soluble by adding sufficient sodium hydroxide to neutralise the potential 
sulphonic acid group. The colour change interval of the indicator is pH 3.8-
5.4. The indicator will change from yellow to blue colour. The 0.1% indicator 
solution was prepared by adding 1.4 ml of O.IM sodium hydroxide solution to 
0.1 g of the indicator, and then diluted to 100 ml with water. 
(f) Reference serum 
Seronorm Trace Elements Serum from Nycomed Pharma (P.O.Box 
4284-Torshov, N-0401 OSLO 4) was used to check the accuracy of the 
proposed method. 
(g) Plasma sample 
The freshly frozen plasma samples were obtained from the 
- Transfusion Service Unit of the Hong Kong Red Cross. They were outdated 
samples of the donated bloods. 
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2.1.3 Procedure 
All glassware and plastic test-tubes were cleaned by soaking in 10% 
nitric acid overnight and rinsing with the Milli-Q ultra-pure water. 
(a) Deproteination procedure 
The 1 ml of plasma sample and 1 ml of 10% trichloroacetic acid in 2M 
hydrochloric acid were mixed in a capped plastic test-tube for 10 seconds on 
a vortex mixer. The solution was incubated at SO^C for 20 minutes and then 
centrifuged at 3000 rpm for 10 minutes. Then 1ml of the supernatant solution 
was transferred to a 10 ml beaker followed by the preconcentration procedure 
and X-ray analysis. 
(b) Preconcentration procedure 
To 1 ml of deproteinated plasma solution in a 10 ml beaker, 2 drops 
of 0.1% bromo-cresol green indicator solution were added. Ammonium 
- - hydroxide was added dropwise until the solution turned blue, then 1 ml of 
0.5M ammonium acetate buffer solution of pH 5.5 and 1 ml of 2% sodium 
diethyldithiocarbamate solution were added. The solution was stirred for 
5 minutes and the precipitate formed was collected on a 10 mm diameter, 
0.45 |im pore size membrane filter. The filter was placed in a Petri dish and 
allowed to dry, then mounted with a 3.6 ^im Mylar film on a plastic sample 
holder. 
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(c) Preparation of calibration standards 
The 0.4, 0.8，1.2，1.6, 2.0，2.4，2.8，3.2，3.6, and 4.0 ppm 
multielement standard solutions were prepared by appropriate dilution of the 
40 ppm multielement standard solution. Then 1 ml each of the calibration 
standard solutions was mixed with 1 ml of 10% trichloroacetic acid in 2M 
hydrochloric acid in a capped plastic test-tube for 10 seconds on a vortex 
mixer. Finally, 1 ml of the mixed solution was used for preconcentration by 
precipitation and X-ray analysis. 
(d) Preparation of reference serum 
Seronorm Trace Elements serum is a stable, lyophilized human 
reference serum control collected from thoroughly controlled Norwegian 
donors. For reconstitution, the screw cap was removed and the rubber 
stopper was carefully lifted without removing it completely so to allow air to 
enter the vial through the groove of the lower part of the stopper. The 
stopper was then removed and exactly 3 ml of purified water was added. The 
vial was closed and- let- stand -for 30 minutes. The content was completely 
dissolved by swirling gently. Long term contact between the liquid and the 
rubber stopper and the formation of foam should be avoided. The 
reconstituted serum was then transferred to a plastic tube and handled as an 
ordinary sample. 
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(e) Data acquisition 
Spectra were obtained with a Rh target X-ray tube operated at 40 kV 
and 0.35 mA in an air environment. A 0.05 mm Rh filter was used to reduce 
the scattering continuum for optimal signal to background ratio. The livetime 
was 600 seconds with deadtime averaging about 20%. Iron, copper, and zinc 
elements were determined by means of their K a X-ray lines. Automated 
acquisition of spectra for a maximum of ten samples can be run sequentially in 
one batch. 
(f) Data analysis 
The elements iron, copper, and zinc were determined by means of 
their Kq^ lines. At the end of the counting interval, the multichannel analyser 
transferred the digitized spectrum to a storage memory while the sample 
changer advanced. The spectra were processed on a microcomputer using a 
peak fitting program, XML. This program is used when either the peak of 
interest is overlapped or when there is a need for background correction. Use 
of XML requires ‘ that a "peak shape reference" be supplied for each 
overlapping peak in the spectra to be analysed. These "references" are then fit 
to the spectrum of interest on a point by point basis using a least squares 
algorithm to determine what the relative contribution of each reference would 
be to the closest approximation of the original spectrum as formed by the 
summation of these reference spectrum fractions. Elemental identification of 
individual peak is done by comparing the energy of a peak to a library of 
reference energies of the corresponding elements. 
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In the quantitative analysis, the net X-ray intensity (integrated counts 
found under each peak minus background counts ) was assumed to be linearly 
related to the concentration of the elements. Calibration curve was obtained 
by the method of least squares fit in which the peak intensity (y) and 
concentration (x) data were fitted to the following equation : 
y = mx + b (2.1) 
With m and b known, the concentration of the elements in the samples 
can be calculated from the peak intensity by equation (2.1). 
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2.2 Atomic Absorption Spectrometric Analysis 
2.2.1 Apparatus 
Results were obtained by using a Varian SpectrAA-20 Atomic 
Absorption Spectrometer. Varian Techtron hollow cathode lamps for iron, 
copper and zinc were used as the light source. The lamps were housed in a 
lamp compartment with a four-lamp turret. The lamp could be adjusted to the 
optimum operating position by rotating the turret. A monochromator control 
was equipped to select any desired wavelength. The instalment also provided 
three slit widths corresponding to 0.2, 0.5, and 1.0 mm spectral band width. 
The instrument also had a built-in deuterium background corrector. 
The atomic absorption spectrometer was also equipped with a 
nebulizer and an air-acetylene burner head. Data acquisition parameters could 
be inputed through the keyboard and displayed on the video screen. 
Analytical data were processed by a microcomputer and the results were 
recorded on a printer. _ 
2.2.2 Reagents 
Analytical-grade reagents were used for preparation of solutions. In 
all cases, solutions were prepared with the Milli-Q ultra-pure water. 
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(a) Metal standard solutions 
Stock solutions of 1000 ppm were prepared by dissolving 1 g each of 
the pure iron, copper and zinc metals in minimum volume of nitric acid-water 
(1+1) and diluted to 1 litre with 1% nitric acid. Intermediate standard 
solution of 100 ppm was prepared by adding 10 ml of the stock solution to a 
volumetric flask and diluted to 100 ml with water. 
(b) Glycerol solution 
The 10% glycerol solution was used as the diluent for the preparation 
of the calibration standard solutions for copper and zinc. 
(c) Protein precipitant 
Solution of the 10% trichloroacetic acid in 2M hydrochloric acid was 
used as protein precipitant in the determination of iron in plasma. It was 
prepared by adding 10 g trichloroacetic acid (purity >99.5%, specially for the 
- determination of Fe in blood) and 19.6 ml concentrated hydrochloric acid to 
50 ml water, and then diluted to 100 ml with water. 
(d) 5% trichloroacetic acid in I M hydrochloric acid 
Solution of the 5% trichloroacetic acid in I M hydrochloric acid was 
used as the diluent for the preparation of the calibration standard solutions for 
iron. It was prepared by adding 5 g trichloroacetic acid (purity >99.5%, 
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specially for the determination of Fe in blood) and 9.8 ml concentrated 
hydrochloric acid to 50 ml water, and then diluted to 100 ml with water. 
2.2.3 Procedure 
All glassware and plastic test-tubes were cleaned by soaking in 10% 
nitric acid overnight and rinsing with Milli-Q ultra-pure water. 
(a) Preparation of calibration standard solutions 
The 0.0，0.4, 0.8，1.2，1.6, and 2.0 ppm standard solutions were 
prepared by diluting 0.0，0.4, 0.8, 1.2, 1.6，and 2.0 ml of the standard solution 
of 100 ppm with the diluent. The 5% trichloroacetic acid in I M hydrochloric 
acid was the diluent for iron standard solutions and the 10% glycerol solution 
was the diluent for copper and zinc standard solutions. 
(b) Preparation of sample solution 
- Deproteinated plasma solution was used for iron determination in 
order to avoid significant interferences by haemoglobin iron. The 1 ml of 
plasma sample and 1 ml of 10% trichloroacetic acid in 2M hydrochloric acid 
were mixed in a capped plastic test-tube for 10 seconds on a vortex mixer. 
The solution was incubated at SO^C for 20 minutes and then centrifliged at 
3000 rpm for 10 minutes. The supernatant solution was transferred to a 
plastic test-tube for analysis. 
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Diluted plasma solution was used directly for copper and zinc 
determination. Equal volume (1 ml) of plasma solution and water were 
transferred to a plastic test-tube and mixed for 10 seconds on a vortex mixer 
before aspirating for atomic absorption measurement. 
(c) Data acquisition 
The following is a description of the general procedure which was 
applicable to the three elements under study : 
1. The optimum conditions for the determination of the various elements are 
listed in Table 2.1. 
Table 2.1 Experimental conditions employed for the atomic absorption 
determination of Fe, Cu and Zn 
Element Wave- Slit Lamp Flame Back-
length width current ground 
(nm) ~ (nm) (mA) correction 
Fe 248.3 0.2 5 AA* NO 
Cu 324.7 0.5 3 AA NO 
Zn 213.9 1.0 5 AA YES 
AA* - Air/acetylene 
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2. Lamp alignment 
(a) Hollow cathod lamp 
The lamp turret was manually rotated to bring the required lamp into 
the operating position. The monochromator and the slit width were set to the 
required values as shown in Table 2.1. The optimization of the wavelength 
was done by turning the adjustment knob till the length of the signal bar on 
the monitor screen increased to a maximum. With the aid of a small white 
card, the centre of the burner slot was aligned with respect to the light beam 
by using the horizontal adjustment knob. The burner was then lowered by 
using the vertical adjustment knob so that it was clear of the optical path. 
(b) Background correction lamp 
The position of the deuterium lamp was adjusted by using two 
adjusting screws till a maximum length of the signal bar on the monitor screen 
was obtained. The burner position was checked to ensure it was still clear of 
the optical path. 
3. Flame 
Air/acetylene flame was used for the atomisation of the solutions. The 
acetylene flow-rate was set at a value of 1.8 1/min (gas supply at 9 psig) and 
the air flow-rate was set at 12 1/min (gas supply at 50 psig). 
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4. Preparation of calibration curve 
For the construction of the calibration curve for iron, blank solution of 
the 5% trichloroacetic acid in I M hydrochloric acid was aspirated into the 
instrument for zero setting, followed by the standard solutions of the 0.4，0.8， 
1.2，1,6, and 2.0 ppm. After the calibration procedure was completed, the 
deproteinated plasma samples were analysed. 
For the construction of the calibration curves for copper and zinc, 
blank solution of the 10% glycerol solution was aspirated into the instrument 
for zero setting, followed by the standard solutions of the 0.4，0.8，1.2，1.6, 
and 2.0 ppm. After the calibration procedure was completed, the diluted 
plasma samples were analysed. 
(d) Data analysis 
A linear calibration curve of absorbance against concentration of 
analyte was obtained by the method of least squares fit and stored in the 
computer. The ..concentration of Fe, Cu and Zn presented in the plasma 
samples were determined from the absorbance data. The results were 
multiplied by a factor of 2 to account for sample dilution. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
會 
3.1 Optimisation of Excitation Conditions 
Precision and accuracy of an analysis by X-ray fluorescence 
spectrometry are dependent on the number of counts of the peak being 
analysed, and the number of counts acquired per second for a given element 
depends strongly on the efficiency of the excitaton conditions. The choice of 
filter, tube voltage, and tube current are the main factors that determine the 
efficiency of the excitation conditions. 
3.1.1 Effect of Filter 
The primary excitation X-ray produced by the Rh X-ray tube contains 
the characteristic Rh emission lines superimposing on a broad wavelength 
band of radiation, the bremsstrahlung, which is produced as the impinging 
high energy electrons decelerated by the Rh target. A filter is used to select 
the suitable energy range for optimal excitation. 
The choice of filter depends on the emission energy of the elements to 
be determined. Table 3.1 shows the energy of the principal emission line of 
the elements under study. 
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Table 3.1 Principal emission line of Fe, Cu, and Zn 
Element Une Energy (keV) 
Fe K a 6.398 
Cu 8.040 
^ Kpc 8.630 
It can be seen that the analytical energy range of use is 
approximately from 6 keV to 9 keV. Table 3.2 gives the useful analytical 
range of various filters provided by the X-ray fluorescence spectrometer. 
Table 3.2 Analytical range of the recommended filters for use with the 
Rh tube 
Filter Analytical range (keV) 
None 1 - 3 
Cellulose 1 - 5 
0.127 mm A1 1 - 8 
0.05 mm Rh 3 - 2 0 
0.127 mm Rh 6 - 2 0 
0.63 mm Cu 12-34 
From the data in Table 3.2，it can be found that 0.127 mm A1 filter, 
0.05 mm Rh filter and 0.127 mm Rh filter are suitable filters for consideration. 
However, the 0.127 mm Rh filter removes most of the bresstrahlung below 
and above the Rh K-lines at 20 keV, resulting in nearly monochromatic Rh K-
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line excitation which largely exceeds the absorption edges of the elements 
under study. Therefore, it cannot provide optimal excitation. The spectra of 
the background obtained using 0.127 mm A1 and 0.05 mm Rh as the filter are 
illustrated in Fig. 3.1 and Fig. 3.2 respectively. The results as shown in Table 
3.3 indicated that the 0.05 mm Rh filter gave a lower background intensity 
with a smaller standard deviation. As the noise level is determined by the 
standard deviation of the background intensity, therefore, a lower noise level 
and detection limit would be obtained with this filter. It was concluded that 
the 0.05 mm Rh filter was the suitable choice for excitation in order to 
optimise the signal to noise ratio. 
Table 3.3 Background intensity using different filters 
Filter Background intensity^ 
(counts/600 s) 
Fe-Ka Cu-K^^ Zn-K^x 
0.127 mm Al 22622±609 86020土548 105276±176 
0.05 mmRh 1019±71 1191±17 1596±89 
^Mean of triplicate measurements 
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Fig. 3.1 Spectrum of background using 0.127 mm A1 filter, 40 kV, 
0.35 mA, 600 s. 
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Fig. 3.2 Spectrum of background using 0.05 mm Rh filter, 40 kV, 
0.35 mA, 600 s. 
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3.1.2 Effect of Tube Voltage 
A tube voltage of at least 5 kV above the absorption edge of the 
interested element should be applied to the X-ray tube for the generation of 
primary excitation of sufficient energy to excite the elements. In this study, a 
series of voltages ranging from 25 kV to 40 kV were tested to determine the 
effect of voltage variation on the efficiency of excitation condition. The 
selection of the optimum excitation condition is based on the signal to noise 
ratio, any experimental condition that increases the ratio is beneficial. The 
signal to noise ratio is determined by the following equation : 
Signal Ng 
= — (3.1) 
Noise N q 
where Ng = net peak intensity (number of counts in t s) 
N q = Standard deviation of the background intensity (number of 
counts in t s) 
The change in this signal to noise ratio with the tube voltage are 
summarised in Table 3.4. The results were obtained with 1 ml of 0.5 ppm 
multielement standard solution, dried on the 25 mm diameter Millipore 
membrane filter, and collected at a tube current of 0.35 mA. 
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Table 3.4 Effect of tube voltage on excitation efficiency 
Element Signal to noise ratio at different tube voltages 
25 kV 30 kV 35 kV 40 kV 
Fe-Ka 5.21 5.33 6.93 7.50 
Cu-Ka 4.75 5.91 7.56 7.71 
Zn-Kg 3.96 6.39 6.58 
It was found that the signal to noise ratio increased with the tube 
voltage within the tested range. This can be explained by the fact that the 
primary X-ray spectrum shifts to a higher energy range when tube voltage is 
increased. These high energy X-rays are more efficiently absorbed by the 
transition metals ( Fe, Cu and Zn ) and hence increase the fluorescence yield. 
However, when the tube voltage was increased beyond 40 kV, the resulting 
deadtime was greater than 50%, which was not recommended. Therefore, a 
tube voltage of 40 kV was considered to be the optimum condition for 
excitation. 
3.1.3 Effect of Tube Current 
Tube current setting is used to adjust the X-ray count rate after the 
tube voltage and filter have been selected. The optimum current should be 
adjusted to give the highest count rate with deadtime less than or equal to 
50%. Deadtime is used as a measure of count rate. Since the analysis is 
always measured in counts per unit time, there is a clock that run whenever 
spectra are being acquired. Each X-ray as it is processed by the spectrometer, 
electronics takes a finite amount of time for counting, and any addition X-rays 
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that enter the detector during this time will not be counted. Therefore, the 
clock is turned off during the processing of each X-ray, and this period of 
time is called "deadtime". Conversely, the periods during which the clock is 
on are called "livetime". In this experiment, the maximum operating tube 
current of 0.35 mA was used for all X-ray measurements as it gave an 
average deadtime of 20% only. 
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3.2 Optimisation of Preconcentration Procedure 
In the present investigation, a low power X-ray tube is used for 
excitation, therefore the direct determination of trace elements in plasma is 
insufficient and a preconcentration procedure is required in the sample 
preparation. 
3.2.1 Effect of Sample Area and Collimator Size 
After the preconcentration procedure, the trace metals in the blood 丨 
plasma samples were eventually collected as a solid film on the membrane j 
filter prior to X-ray fluorescence analysis. The resultant fluorescence 
intensities of the elements were dependent on the amount of precipitate 
< I 
collected on the centre of the membrane filter that could be excited by the 
I 
primary X-ray. By decreasing the sample area for the same total amount of 
precipitate, a higher mass concentration was subjected to the primary X-ray 
I 
excitation resulting in a higher fluorescence intensity. 
The size of collimator would affect the」ntensity of the primary 
radiation irradiating on the specimen, and this in turn would affect the 
resultant fluorescence intensities of the elements present in the specimen and 
the background intensity due to the scattering of the primary radiation. By 
reducing the collimator size, both the fluorescence intensity and the 
background intensity would be reduced. The combined effect of variation of 
the sample area and collimator size on the excitation efficiency has to be 
defined. It should be better to use the signal to noise ratio for comparison as 
the optimum combination of sample area and collimator size should give a 
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high ratio, that is a high signal with a relatively low background for good 
precision and low detection limit. The signal to noise ratio is calculated by 
dividing the net counts of the analyte peak by the standard deviation of the 
background counts as given in equation (3.1) of section 3.1.2. The variation 
of the signal to noise ratios of Fe, Cu, and Zn with the sample area from 10 
mm to 25 mm diameter and collimator size from 3 mm to 15 mm diameter are 
shown in Table 3.5 and illustrated in Fig. 3.3 to Fig. 3.5. 
Table 3.5 Effect of sample area and collimator size on excitation 
efficiency 
Element Signal to noise ratios at different diameters of sample area 
and collimator 
Diameter Diameter of sample area 
of 
collimator 
10 mm 15 mm 20 mm 25 mm 
15 mm 15.64 11.23 8.74 7.50 
Fe-Ka 6 mm 18.65 “ 14.31 —10.56 9.40 
3 mm 8.85 8.44 6.94 5.26 
15 mm 19.10 12.90 9.23 7.71 
Cu-Ka 6 mm 22.02 14.06 9.30 6.27 
3 mm 7.68 5.96 4.92 4.62 
15 mm 18.60 10.53 7.94 6.58 
Zn-Ka 6 mm 29.96 26.65 20.92 17.35 
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The data in Table 3.5 were obtained with multielement standard 
solutions containing 5 [ig each of the three metals being studied, and each 
specimen was measured three times. The results indicate that for sample areas 
from 25 mm to 10 mm diameter, the signal to noise ratio increases with 
decreasing sample area, and the same trend was observed for all the three 
different size of collimators being tested. Besides, the highest signal to noise 
ratio was found to obtain with the collimator of 6 mm diameter. Therefore, 
membrane filter of 10 mm diameter and collimator of 6 mm diameter was 
used for the collection of precipitate in the subsequent preconcentration 
procedure. 
3.2.2 Effect of pH 
In the present work, the preconcentration procedure depends on the 
formation of insoluble metal diethyldithiocarbamate complexes. It is essential 
to investigate the effect of pH of the solution on the complex formation in 
order to obtain a maximum recovery of the metals in the solution. High 
acidity can cause the dissociation of the metal complexes and also hasten the 
rate of decomposition of-the diethyldithiocarbamate ligand to amine and 
carbon disulphide as shown in the following reaction : 
C , H S c H H S 
\ 2 H + \ I / _ v + 
/ N - C 夕 ~^(。2"5)2腿2 + CS2 
S - L s " 5 + _ 
The effect of pH on the complex formation of Fe, Cu, and Zn with 
sodium diethyldithiocarbamate was studied over the pH range of 3 to 10. The 
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1 ml of buffer solution of pH 3 to 10 was added to equal volume of the 
‘ multielement standard solution of 4 ppm for each metal. The solution was 
then mixed in an ultrasonic bath and the resulting precipitate was collected on 
a membrane filter for X-ray analysis. 
Table 3.6 summarises the X-ray intensities of the three metal 
complexes formed at various pH and Fig. 3.6 shows the pH profile of these 
metal complexes. 
Table 3.6 Effect of pH on the complex formation of different metals 
Element X-ray intensities at different pH values ( counts/600 s ) 
3.0 4.0 5.0 5.5 6.0 7.0 8.0 9.0 10.0 
Fe-Ka 8741 13340 13656 13277 14362 13577 14032 14584 13586 
Cu-Ko^ 25403 24975 24188 23825 25026 23866 24431 25372 24361 
Zn-Kg 8095 21805 26114 26746 27469 27345 27576 27332 18900 
The results indicated that the formation of Cu complex is slightly 
affected by the pH change as the intensities remained almost constant in the 
pH range of 3 to 10. For the complex of Fe, a pH plateau was found in the 
range from 5 to 10. The intensity of Fe complex was found to decrease at 
solutions of pH below 5, this might due to the dissociation of the metal 
complex in acidic medium. The complex formation of Zn was found to be 
sensitive with pH change. A drastic drop in the intensity of Zn complex was 
observed in solutions of pH below 5 and above 9. This suggests that the Zn 
complex is rather labile and would easily dissociate in both alkaline and acidic 
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the complex formation is chosen to work in the pH plateau of maxmium 
“ recovery. In all subsequent X-ray analysis, the solution was buffered to pH 
5.5 in the preconcentration procedure. 
3.2.3 Effect of Ligand Concentration 
In the preconcentration step, an excess of chelating agent was added 
to the metal solution so as to increase the rate and completeness for the 
formation of the metal complexes. The effect of increasing amount of ligand 
on the efficiency of the complex formation was used to select the optimum 
concentration of ligand to be used. 
The 1 ml of standard solution containing 2 ppm of Fe，Cu and Zn was 
used as the sample solution in the investigation. As protein precipitant was 
added to release the metals from the plasma proteins in the real sample, 
therefore a high concentration of protein precipitant ( 40% trichloroacetic 
acid in 2M HCl ) was also added to the standard solution, and 1 ml of sodium 
diethyldithiocarbamate solution ranging from 0.5% to 5% was then added to 
the standard solution. The X-ray intensities of the three elements under study 
using different concentration of chelating agent are given in Table 3.7 and 
illustrated in Fig. 3.7. 
The results show that varying the ligand concentration has little effect 
on the complex formation of Fe as the X-ray fluorescence intensity only 
increases slightly when the ligand concentration increases from 0.5% to 1%, 
no further increase in the X-ray intensity is observed when the ligand 
concentration increases from 1% to 5%. The complex formation of Cu is not 
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affected by the variation of ligand concentration within the tested range as the 
X-ray intensity remains almost constant. However, the X-ray intensity of Zn 
complex reduces significantly when the ligand concentration is below 2%. 
This may due to the formation of soluble Zn complex with trichloroacetic acid 
which is not retained in the precipitate. Therefore, a ligand concentration of 
2% was used in all subsequent X-ray measurements. 
Table 3.7 Effect of ligand concentration on the complex formation of 
different metals 
Element X-ray intensities at different ligand concentration 
(counts/600 s) 
0.5% 1% 2% 3% 4% 5% 
Fe-Ka 5465 5611 5653 5572 5542 5686 
Cu-Ka 9806 9952 10164 10041 10140 10050 
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3.2.4 Effect of Mixing Time 
It is expected that the formation of metal complexes would be 
enhanced by stirring the mixture of the metal solution and ligand solution. The 
effect of varying the mixing time on the complex formation of different metals 
was studied by using solutions of low metal concentration as the effect would 
be more obvious. A 1 ml of 0.5 ppm multielement standard solution was used 
and 1 ml of 2% ligand solution was added to each standard solution. The 
resulting solutions were mixed for 1，2, 5，10，20, and 30 minutes 
respectively. The variation of the fluorescence intensities of Fe, Cu, and Zn at 
different mixing time are summarised in Table 3.8 and shown in Fig. 3.8. 
Table 3.8 Effect of mixing time on the complex formation of different 
metals 
Element X-ray intensities at different mixing time ( counts/600 s ) 
1 min 2 min 5 min 10 min 20 min 30 min 
Fe-Ka 1494 1663 1628 1501 1488 1564 
- Cu-Ka 2791 2894 2895 2790 2761 2804 
Zn-K(x 3322 3561 3473 3514 3457 3419 
It was found that increasing the mixing time had little effect on the 
amount of metal complexes collected. It suggests that the complex formation 
is almost instantaneous. A mixing time of 5 minutes was adopted in the final 
procedure so as to shorten the sample preparation time while ensuring the 
completeness of complex formation. 
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3.2.5 Effect of standing Time 
The precipitate formed after the addition of ligand solution to the 
metal solutions would coagulate on standing. The effect of varying the 
standing time on the recovery of the metals has been studied. Solutions of low 
metal concentration were used for investigation as the effect would be more 
obvious. Multielement standard solutions of 0.5 ppm were used, and 1ml of 
2% ligand solution was added to an equal volume of standard solution. The 
solutions were then mixed for 5 minutes and left for 0，1, 2, 5, 10，20, 30, and 
60 minutes respectively, followed by collection of the precipitate. The change 
of the fluorescence intensities with standing time is given in Table 3.9 and 
illustrated in Fig. 3.9. 
Table 3.9 Effect of standing time on the complex formation of different 
metals 
Element X-ray intensities at different standing time 
( counts/600 s )，min 
0 1 2 - 5 10 20 30 60 
Fe-K(x 1529 1645 1658 1526 1644 1630 1587 1491 
Cu-Ka 2672 2877 2867 2654 2765 2801 2808 2710 
Zn-Kg 3289 3302 3214 2920 3265 3202 3155 3144 
The data indicate that increasing the standing time has essentially no 
effect on the amount of metal complexes collected. It suggests that the pore 
size of the membrane filter used is smaller than the size of the precipitate 
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be retained on the membrane filter. In the final procedure, the precipitate was 
collected immediately after mixing so as to shorten the sample preparation 
time. 
3.2.6 Study of Sample Homogeneity 
In this experiment, the specimen subjected to X-ray analysis was in the 
form of a thin solid film deposit on the membrane filter. The homogeneity of 
the dispersion of the precipitate on the filter would affect the reproducibility 
of the X-ray intensities to be measured. This can be tested by comparing the 
intensities obtained from repeated excitation of the specimen at different 
orientations and other experimental conditions being kept constant. 
A specimen prepared from 1 ml of solution containing 1 ppm each of 
Fe, Cu, and Zn was measured ten times under the recommended conditions. 
The specimen was rotated through a certain angle after each measurement. 
The results of the ten replicates are given in Table 3.10. 
The values of relative standard deviation for all the three elements 
were around 1.5% which indicated that the solid film was homogeneous 
enough to allow random orientation of the specimen for the X-ray analysis. I t 
was concluded that the precipitate was evenly dispersed on the membrane 
filter by this method and random orientation of the specimen was feasible. 
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Table 3.10 Results of sample homogeneity test ( 1 ng for each element on 
the filter membrane). 
X-ray intensities ( counts/600 s ) 
Trial Fe-Kg Cu-Kg Zn-Kg 
1 3237 5579 6930 
2 3229 5715 6634 
3 3222 5567 6893 
4 3321 5450 7013 
5 3258 5637 6756 
6 3357 5556 6779 
7 3200 5578 6871 
8 3286 5613 6765 
9 3291 5499 6881 
1 0 6901 
Mean 3263 5588 6842 
S.D.a 49.9 79.3 108.5 
R.S.D.b 1.5% 1.4% 1.6% 
a standard deviation 
b relative standard deviation 
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3.3 Optimisation for Deproteination 
The direct X-ray analysis of protein-bound metals in plasma is 
complicated by the high matrix effect of the proteins themselves. Numerous 
metals are present as complexes with plasma components and to a lesser 
extent as the free ions. Release of the metals from such complexes requires 
either the use of chelating agents or destruction of the ligand. The usual 
procedure for destroying organic material in plasma samples involves wet 
oxidation with mixtures of sulphuric and nitric acids, and/or perchloric acid, 
but there is always an appreciable decomposition time and significant risk of 
contamination.51 Removal of proteins from plasma prior to analysis is widely 
used because it provides a better precision. Acids such as trichloroacetic acid, 
nitric acid, and perchloric acid are commonly used as protein precipitants in 
metal analysis because they are available in high purity grades. The addition of 
acids to blood denatures the proteins, resulting in their precipitation, with 
dissolution and release of the metals into the supernatant fluid.52 A 
comparison of nitric acid, trichloroacetic acid, and a mixture of hydrochloric 
and trichloroacetic acid commonly used to deproteinate plasma is presented. 
- - T h e metal releasing power of the different protein precipitants is assessed by 
the fluorescence intensity obtained after the deproteinated sample is 
complexed by sodium diethyldithiocarbamate. 
3.3.1 Effect of Different Protein Precipitants 
The metal releasing power of nitric acid, trichloroacetic acid, and a 
mixture of hydrochloric and trichloroacetic acid were studied. Solutions 
containing 2M nitric acid, 20% trichloroacetic acid in water, and 10% 
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trichloroacetic acid in 2M hydrochloric acid were used as protein precipitants. 
Equal volume of protein precipitant (1 ml) was added to 1 ml of plasma 
sample and then mixed thoroughly with a vortex mixer for 30 seconds. After 
standing for 20 minutes, the solution was centrifliged for 10 minutes and 1 ml 
of the supernatant fluid was removed. 2 drops of 0.1% of bromo-cresol green 
indicator solution was added to the supernatant, and then adjusted to a blue 
end-point with ammonia solution. The resulting solution was preconcentrated 
under the recommended procedure. Table 3.11 shows the metal releasing 
power of different protein precipitants. 
Table 3.11 Metal releasing power of different protein precipitants 
Protein X-ray intensities ( counts/600 s ) 
precipitant Fe-K。 Cu-Ka Zn-Ka 
2M HNO3 46 499 226 
20% TCA 451 1407 1759 
2M HCl 10% TCA 899 1567 2282 
_ The above data shows that a mixture of hydrochloric and 
trichloroacetic acid is the most powerful protein precipitant. Therefore, in the 
following section the effect of varying the concentration of both hydrochloric 
acid and trichloroacetic acid in the mixture on the metal releasing power were 
studied. 
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3.3.2 Effect of Trichloroacetic Acid Concentration 
After determining that a mixture of hydrochloric and trichloroacetic 
acid was the suitable protein precipitant, the effect of varying the 
concentration of trichloroacetic acid was then studied. Solutions containing 
5% to 40% trichloroacetic acid in 2M hydrochloric acid were tested 
according to the previously described procedure, and the resulting X-ray 
intensities of each element are given in Table 3.12 and Fig. 3.10. 
Table 3.12 Effect of trichloroacetic acid concentration on metal releasing 
power 
Protein X-ray intensities ( counts/600 s ) 
precipitant Fe-Kg Cu-Kg Zn-Kg 
2MHC15%TCA 636 1046 339 
2MHC110%TCA 899 1567 2282 
2MHC1 15%TCA 822 1571 2165 
2MHC120%TCA 873 1486 2163 
2MHCI 25%TCA 825 1519 2132 
2MHC130%TCA 794 1548 2243 
2MHC135%TCA 843 1534 2150 
2MHC1 40% TCA 795 1497 2104 
It was found that increasing the concentration of trichloroacetic acid 
above 10% had no significant effect on the metal releasing power, thus the 
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3.3.3 Effect of Hydrochloric Acid Concentration 
In the preceding section, the 10% trichloroacetic acid in 2M 
hydrochloric acid was found to have maximum metal releasing power on the 
plasma sample. It is then necessary to determine i f the concentration of 
hydrochloric acid would also affect the metal releasing power. Solutions of 
10% trichloroacetic acid in 0.5M to 5M hydrochloric acid were tested 
accordingly and the resulting X-ray intensities of all three elements are 
summarised in Table 3 .13 and illustrated in Fig. 3.11. 
Table 3.13 Effect of hydrochloric acid concentration on metal releasing 
power 
Protein X-ray intensities ( counts/600 s ) 
precipitant Cu-Ka Zn-Ka 
0.5MHC1 10%TCA 470 1583 1177 
I M H C l 10%TCA 718 1884 2299 
2MHC1 10%TCA 825 1853 2358 
3MHC1 10%TCA 829 1860 ' 2347 
4MHC1 10%TCA 867 1839 2311 
5MHC1 10%TCA 881 1863 2350 
Fig. 3.11 shows that a solution of 10% trichloroacetic acid in I M 
hydrochloric acid is sufficient to release Cu and Zn from the plasma sample 
whereas a solution of 10% trichloroacetic acid in 2M hydrochloric acid is 
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trichloroacetic acid in 2M hydrochloric acid was used as the protein 
— precipitant. 
3.3.4 Effect of Temperature 
It is expected that increasing the temperature would enhance the 
protein precipitation. After the addition of the protein precipitant to the 
plasma samples, the solutions were heated in water bath at different 
temperatures for 20 minutes, then buffer solution and ligand solution were 
added for complex formation. The fluorescence intensity of each element at 
different deproteinating temperatures are collected in Table 3.14 and shown in 
Fig. 3.12. 
Table 3.14 Effect of temperature on metal releasing power 
Deproteinating X-ray intensities ( counts/600 s ) 
temperature ( QC ) Fe-Ka ^u -K^ Zn-Ka 
> 20 786 1280 1789 
40 963 1247 2410 
60 1502 1471 3177 
80 1792 1723 3955 
100 1745 1695 3918 
The results indicate that increasing the deproteinating temperature 
from 20^C to SO^C would increase the amount of metals released. This 
suggested that a higher temperature would enhance the rate of protein 
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a fixed time interval. However, further increase in the deproteinating 
temperature above SO^C is not necessary, as the amount of metals released 
did not seem to increase any more when the temperature was raised from 
80OC to lOQOC. In the final procedure, the deproteination process was 
carried out at 80^0 . 
3.3.5 Effect of Incubation Time 
After determining that a high temperature of SQOC was required to 
enhance the release of metals from the plasma proteins. It was then necessary 
to find out the optimum incubation time for maximum recovery of metals 
from the plasma samples. After the addition of protein precipitant to the 
plasma samples, the solutions were incubated at 80^0 for 10，20，30，40，50， 
and 60 minutes, respectively, before centrifugation and preconcentration. The 
X-ray intensities of all three elements at different incubation time are shown in 
Table3.15 and Fig. 3.13. 
Table 3.15 Effect of incubation time on metal releasing power 
Incubation X-ray intensities ( counts/600 s ) 
time ( min ) Fe-Kg Cu-Kg Zn-K^ 
10 1014 1243 911 
20 1039 1363 1957 
30 1033 1338 2001 
40 1070 1309 2061 
50 994 1291 1952 
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The results indicate that increasing the incubation time from 10 to 20 
minutes had a significant effect on the release of Zn metal, but the effect on 
the release of Cu is slight. Furthermore, no obvious effect on the release of Fe 
was observed as the incubation time increased from 10 to 60 minutes. It was 
concluded that an incubation time of 20 minutes is required for the maximum 
recovery of Cu and Zn from the plasma samples, whereas an incubation time 
of 10 minutes is sufficient for the recovery of Fe metal. Therefore, an 
incubation time of 20 minutes was adopted in the subsequent deproteination 
procedure. 
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3.4 Study of Blanks 
Blank signals are contributed by the presence of heavy metal 
contaminants in the reagents, Mylar film, and membrane filter used for sample 
preparation. I t is especially important in trace metal analysis as a high blank 
signal would lower the accuracy and precision of the result. 
The purity of the chelating agent was checked by examining the solid 
crystals by X-ray fluorescence analysis to ensure that no analytes were 
present. Blank determination was made by using 1 ml of pure water as the 
sample solution, then subjected to the same preconcentration procedure and 
X-ray analysis as the real samples. An X-ray spectrum of the blank specimen 
is shown in Fig. 3.14 and the count values obtained at the corresponding 
analytical energy range of the elements studied are given in Table 3.16. 
Table 3.16 Blank signal at the analytical energy range of the analytes 
— Element Blank count/600 s 
-— pg- - 250 
Cu 387 
^ ^ 
From the spectrum in Fig. 3.14，only small peak corresponding to 
argon, calcium and zinc were found. The occurrence of argon peak is due to 
the argon gas present in the air atmosphere, but it has no effect on the metal 
analysis. Calcium and zinc are impurities in the Mylar film and membrane 
filter, and they are introduced during the manufacturing process. The 
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presence of calcium peak would not interfere with the metal analysis and the 
contribution of the analytes from the blank were subtracted from the sample 
results. As the blank signal is small when compared to the sample signal, it 
has little effect on the accuracy of the results. 
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3.5 Construction of Calibration Curves 
The simultaneous quantitative determination of Fe, Cu, and Zn metals 
in the plasma samples required the construction of calibration curves from 
some calibration standards. For accurate determination of the metals content 
in the real samples by X-ray fluorescence spectrometry, the calibration 
standards should have similar matrix to that of the sample specimen in order 
to minimise the matrix effect. Calibration standards were prepared from a 
multielement standard solution of the three metals under study. By 
appropriate dilution, standard solutions of 0.4 to 4.0 ppm were prepared. To 
1 ml each of the standard solutions, it was treated in the same procedure as 
the sample solution in the preparation of thin film specimen for calibration. 
The resulting calibration curves of Fe, Cu, and Zn are shown in Fig. 
3.15 to Fig. 3.17, and the relevant data for these curves are given in Table 
3.17 to Table 3.19. The relative standard deviations for triplicate 
determinations of each metal at different concentrations are summarised in 
Table 3.17 to Table 3.19，and they indicate that the precision of the method is 
good over a broad concentration range. The present working curves cover the 
normal concentration ranges of the metals in plasma samples. Besides, the 
correlation coefficients of the three calibration curves which are all close to 1, 
also indicate that linear relationships are established between the X-ray 
intensity and the concentration of the elements. 
77 
Table 3.17 X-ray intensity readings for Fe 
Concentration of Fe ( ppm ) X-ray intensity ( counts/s^ ) 
0.4 1.1000 ( 2.0 
0.8 2.0550 ( 1.5 ) 
1.2 3.1106( 1.7) 
1.6 4.2000 ( 2.4 ) 
2.0 5.0333 ( 1.2) 
2.4 6.1994 ( 1.5 ) 
2.8 7.0817 ( 1.1 ) 
3.2 8.1467 ( 1 .0) 




correlation coefficient 0.9997 
aMean of triplicate determinations 
^Relative standard deviation (%) 
s 
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Table 3.17 X-ray intensity readings for Fe 
Concentration of Cu ( ppm ) X-ray intensity ( counts/s^) 
0.4 2.0889 ( 2.4 )b 
0.8 4.0444 ( 2.5 ) 
1.2 5.6533 (2 .0 ) 
1.6 7.2644(2.5) 
2.0 9.0867 ( 2.3 ) 
2.4 10.7961 (0 .9 ) 
2.8 12.6261 ( 1 .2 ) 
3.2 14.4161 (0 .5 ) 
3.6 16 .0939(0 .6 ) 
^ 17.8983 (0 .6 ) 
slope 4.3673 
intercept 0.3888 
correlation coefficient 0.9999 
^Mean of triplicate determinations 
^Relative standard deviation (%) 
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Table 3.17 X-ray intensity readings for Fe 
Concentration of Zn ( ppm ) X-ray intensity ( counts/s^) 
0.4 2.6122 ( 2.6 )b 
0.8 4.7533 (2 .2 ) 
1.2 6.6506(2.2) 
1.6 8.6633 ( 1.1 ) 
2.0 10.9000(2.5) 
2.4 13.3867 ( 1.7) 
2.8 15.4250 ( 1.6) 
3.2 17.4300 ( 1.6) 
3.6 19 .8094(0 .8 ) 
^ 21.5389 (0 .4 ) 
slope 5.3394 
intercept 0.3702 
correlation coefficient 0.9997 
^Mean of triplicate determinations 
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3.6 Determination of Detection Limit and Sensitivity 
In X-ray fluorescence analysis the detection limit is defined as the 
concentration that gives rise to characteristic X-ray peaks equal to three 
standard deviations of the corresponding background from a sample that does 
not contain the considered elements. The background values at the 
corresponding peak positions were determined by making measurements on 
blank sample and the corresponding detection limits can be calculated from 
the calibration curves given in Tables 3.17-3.19. The mass sensitivity of each 
element can be calculated from slope of the respective calibration curve by 
expressing the count rate per 1 |ig of metal ions in 1 ml of solution. The 
detection limit and the sensitivity obtained from measurements performed 
with 1 ml sample are given in Table 3.20. 
From Table 3.20, it shows that the detection limit of the proposed 
method is low enough to detect sub-ppm level of trace metals for a 1 ml 
plasma sample. From the sensitivity values, it can be seen that the 
instrumental response of the elements increases progressively from iron to 
— zinc in the K-line series. This variations are in line with the changes in 
fluorescence yield with atomic number and characteristic emission line series 
of the elements. 
» 
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Table 3.20 Detection limits and sensitivities ofFe, Cu and Zn 
Background intensity (counts/600s) 
Fe-Kg Cu-Kg Zn-K^ 
Trial 1 716 975 1138 
2 703 913 1176 
3 603 821 998 
4 710 855 1080 
5 594 874 1172 
6 649 794 1065 
7 650 695 1004 
8 712 780 1172 
9 562 891 914 
10 ^ I f l 1055 
Standard deviation ^ 79^ 83.9 
Detection limit 0.06 0.01 0.01 
— (ppm) 
Sensitivity (c/s/^ig) 2.483 5.339 
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3.7 Accuracy and Reproducibility Tests 
The accuracy of the proposed method was assessed by analysing the 
three metals simultaneously in reference serum. One batch of Seronorm Trace 
Elements Serum from Nycomed Pharma was used as reference material. The 
lyophilized reference sera were reconstituted and then treated as normal 
samples. An X-ray spectrum of the reference serum is shown in Fig. 3.18 and 
the count values obtained at the corresponding analytical energy range of the 
elements studied are given in Table 3.21. 
It can be seen that there is good agreement between the recommended 
values and the experimentally determined values, indicating a good accuracy 
of the proposed method. 
The reproducibility of the method was checked by calculating the 
relative standard deviation of each metal in ten reference serum samples of 
the same batch. The results as given in Table 3.21 show that the relative 
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Fig. 3.18 Spectrum of the Seronorm reference serum using 0.05 mm Rh 
filter, 40 kV, 0.35 mA, 600 s. 
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Table 3.21 Accuracy and reproducibility tests of reference serum 
Element 
Fe Cu Zn 
Recommended value(ppm) 1.40 1.70 
Concentration found (ppm) 
Trial 1 1.30 1.28 1.74 
2 1.34 1.21 1.75 
3 1.38 1.25 1.76 
4 1.30 1.23 1.76 
5 1.38 1.24 1.74 
6 1.36 1.21 1.75 
7 1.31 1.24 1.70 
8 1.34 1.24 1.70 
9 1.34 1.21 1.72 
10 U O \J2n_ 1.70 
Mean 1.34 1.24 1.74 
Standard deviation 0.03 0.02 0.02 
Relative standard deviation 2.25% 1.91% 1.21% 
Recovery 95.7% 95.4% 102.4% 
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3.8 Parallel Check 
In this study, atomic absorption spectrometry was used to check the 
reliability of the proposed X-ray spectrometric method. In the determination 
of iron in plasma by atomic absorption spectrometry, deproteinated sample 
prepared by the same procedure as in the X-ray spectrometric method was 
used to eliminate the contaminating haemoglobin iron which occurred as a 
result of the trauma to which blood was subjected during or after 
venipuncture.8 In the determination of copper and zinc, 1:1 diluted plasma 
was directly used for analysis and the method is according to the AOAC 
(Association of Official Analytical Chemists) procedure.^^ The proposed 
method was applied to ten real plasma samples and the results are summarised 
in Table 3.22 and Table 3.23. The results obtained by atomic absorption 
spectrometric method are also included for comparison. The average 
percentage recovery by the X-ray spectrometric method was found to be 
100.6% for iron, 101.3% for copper, and 100.0% for zinc. It was concluded 
that the proposed method was reliable and agreed well with the conventional 
atomic absorption method. 
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Table 3.22 Results of X-ray fluorescence and atomic absorption methods for real 
plasma samples. 
Element X-ray^ AAS^ % recovery Average 
ppm ppm % recovery 
Fe 1.04(0.03)b 1.03 (O.Ol)b 101.0 
0.84(0.01) 0.83 (0.01) 101.2 
0.83 (0.01) 0.84 (0.03) 98.8 
0.68 (0.01) 0.67(0.01) 101.4 
0.97 (0.02) 0.98 (0.03) 99.0 100.6 ±1.6 
0.82 (0.02) 0.80 (0.03) 102.5 
1.09(0.03) 1.12(0.03) 97.3 
1.47(0.03) 1.45 (0.03) 101.4 
0.82(0.01) 0.81 (0.03) 101.2 
1.17(0.02) 1.14(0.02) 102.6 
aMean of triplicate determinations 
^Values in parentheses are standard deviations 
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Table 3.23 Results of X-ray fluorescence and atomic absorption methods for real 
plasma samples. 
Element X-ray^ AAS^ % recovery Average 
ppm ppm % recovery 
Cu 0.96(0.02)b 0.96(0.01)b 100.0 
1.03 (0.01) 1.02 (0.01) 101.0 
0.94 (0.01) 0.93 (0.01) 101.1 
0.75 (0.01) 0.73 (0.01) 102.7 
0.72 (0.01) 0.71 (0.01) 101.4 101.3 土 0.7 
0.88 (0.02) 0.86 (0.01) 102.3 
1.25 (0.01) 1.24 (0.01) 100.8 
0.76(0.02) 0.75 (0.01) 101.3 
0.85 (0.01) 0.84(0.01) 101.2 
0.72 (0.02) 0.71 (0.01) 101.4 
Zn 1.11(0.01) 1.09 (0.01) 101.8 
1.36(0.02) 1.40(0.01) 97.1 
1.42 (0.01) 1.40(0.01) 101.4 
0.90 (0.02) 0.92 (0.01) 97.8 
0.99(0.03) 0.99(0.01) 100.0 100.0 ±1.9 
1.07 (0.02) 1.07(0.01) 100.0 
1.25 (0.02) 1.26 (0.01) 99.2 
1.08 (0.01) 1.11 (0.01) 97.6 
1.19(0.03) 1.16(0.02) 102.6 
0.87 (0.02) 0.85 (0.01) 102.4 
^Mean of triplicate determinations 




An energy dispersive X-ray fluorescence spectrometric method has 
been investigated for the simultaneous determination of iron, copper, and zinc 
in plasma. Protein-bound metals are first released from the complexes by the 
addition of hydrochloric acid and trichloroacetic acid, and then collected as 
their insoluble diethyldithiocarbamate chelates on a membrane filter. The 
method produces a thin, homogeneous specimen with negligible inter-element 
effects. Iron, copper, and zinc can be simultaneously determined with a 
detection limit down to the sub-ppm level. The method has been successfully 
applied to the commercial control-serum preparation known as Seronorm and 
the results obtained are in good agreement with quoted values. Besides, the 
method has been used to determine iron, copper, and zinc content in human 
plasma and the results agreed with that obtained by atomic absorption 
spectrometry. 
. The method has the advantages of being rapid, economical, 
multielemental and the possibility of automating the measurements, making 
the proposed procedure suitable for routine screening. 
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